Abstract. Particulate matter (PM) is one of the major pollutants emitted by diesel engine which have adverse effects on human health. Accordingly, many researches have been done to find alternative fuels that are clean and efficient. Biodiesel is preferred as an alternative source for diesel engine which produces lower PM than diesel fuel. However, the manufacturing cost of biodiesel from vegetable oil is expensive. Therefore, using waste cooking oil (WCO) for biodiesel would be more economical and sustainable solution. The characteristics of direct injection diesel engine in term of the PM have been investigated experimentally in this study. The experiments were conducted using single cylinder diesel engine with different speed (1200 rpm, 1500 rpm, 1800 rpm, 2100 rpm, 2400 rpm) at constant load. PM emission of WCO B100 and diesel fuel was compared and the effect of PM components such as soluble organic fraction (SOF) and soot were studied. The result showed WCO B100 reduces the PM emission at all engine speed. Furthermore, both fuels showed highest reduction of PM concentration at moderate engine speed of 1500 rpm.
Introduction
With the increasing price and depletion source of crude oil, interest in biodiesel is growing remarkably. Biodiesel is one of the better sources for diesel engine. It offer several advantages compare to petroleum oil which provides lower hydrocarbon (HC) and carbon monoxide (CO) emissions, higher cetane number, less smoke and particulate matter (PM). However, a major difficult in commercializing biodiesel from vegetable oil is its high manufacturing cost. Research showed that 70-95% of the total biodiesel production cost is for production of virgin vegetable oils due to huge fertile land needed for crops [1] [2] [3] . WCO is the promising alternatives for biodiesel due to the less expensive prices compared to other feedstock such as food-grade canola and soybean oil [4] . Therefore, biodiesel from WCO is one of the better ways to utilize it efficiently and economically.
The developments of diesel engines are widely used in automotive industries due to high thermal efficiency and high durable performance than gasoline engine [5] [6] [7] [8] . On the other hand, diesel engines exhaust emission produce substance that contribute to environment pollution and health effect like carbon monoxide, unburned HC, PM and nitrogen oxide (NO x ) [9, 10] . Therefore, decreasing the level of exhaust gas emissions is always regarded as an important aim to be achieved in diesel engine research. Studies indicate that particulate matter can penetrate the cell membranes, enter the blood and even reach the brain [11] . Many researchers reported that the main factor affecting PM emission is the fuel oxygen content [12] . These experiments were conducted to study the effects of WCO B100 towards the diesel engine in term of particulate matter emissions.
Research Methodology.
The experimental work was conducted on single cylinder direct injection combustion, YANMAR TF120 diesel engine. Figure 1 shows the schematic diagram of the test engine used in this study. A positive displacement gear pump model Hydrome model HGP-3A-F23 as dynamometer to apply load to the engine. In this study, the load was set to be constant at 800 psi for each speed. The exhaust gas was sampled at 50 cm downstream of the exhaust extractor. In this study, biodiesel and diesel fuel were prepared for the engine testing. Biodiesel was originated from WCO and has been transesterified into biodiesel. The process followed ASTM D6751 guidelines and the biodiesel fuel met the standard specification. Table 1 summarizes the detail properties of the test fuels. The engine was run with diesel fuel until it reaches steady state condition. The exhaust emissions tests were conducted at engine speed with range of 1200 rpm, 1500 rpm, 1800 rpm, 2100 rpm and 2400 rpm. The particulate emission was trapped on the 47 mm 2 size diameter composite filter paper (PTFE coated). The total mass concentration was measured by a Sartorius high precision electric balance. The filters were weighted under controlled temperature and relative humidity. Oven was used to heat the filter before and after the experiment in order to avoid the humidity on the filter during the filter was weighted. The duration and temperature of heating process is controlled within two hours at 50 °C. SOF and soot can be extracted by soaking the filter with dichloromethane solution for 24 hours. PM, SOF and soot concentration be calculated as mentioned below: 
Figure1: Schematic diagram of engine test rig and exhaust emission sampling
c) Soot
Results and Discussion. a) PM Concentration. Fig. 2 shows the variation of PM concentration against engine speed fuelled with WCO B100 and diesel fuel. This result indicates that PM emissions were influenced by engine speed. Based on Fig. 2 , WCO B100 gives lower PM concentration compared to diesel fuel. The PM reduction of WCO B100 was showed in Fig. 3 . The percentage reductions of PM emission were decreased from 1200 rpm to 1500 rpm which is at lower engine speed and increased for higher engine speed. In this case, the highest reduction of PM emission occurred when the engine speed is at 2400 rpm which is 21.82% of reduction and the lowest reduction is at 1800 rpm which is 5.56%. PM reduction at 1200 rpm, 1500 rpm and 2100 rpm is 19.05%, 13.33% and 10.71% respectively. PM were mainly formed in the locally fuel rich region in the combustion chamber, Due to high temperature and available oxygen, PM were burns at the boundary of diffusive flame. When the engine speed is increase, the particulates are combust with lack of oxidation time. Therefore, PM emission increase with the increasing engine speed [13] . Many authors contributed the reduction in PM emission due to higher oxygen content in biodiesel. Frijters and Baert found a good correlation between PM emission and fuel oxygen content with various biodiesel fuels [14] . Lower oxygen content fuel will produce high level PM due to unburned hydrocarbon (HC) emissions. These HC will condense and absorbed on the PM surface resulting an increase of PM emissions. Thus, the oxygen content in the biodiesel fuel, allow more complete and further promote the oxidation of soot in order to reduce the PM emissions.
b)
SOF component. Fig. 4 shows the comparison of SOF concentration contain in the PM between WCO B100 and diesel. The figure showed the SOF concentration of WCO B100 is higher than diesel fuel for all engine speed which is 52.38%, 20%, 27.78%, 32.14% and 56.36% at engine
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International Integrated Engineering Summit 2014 speed 1200 rpm, 1500 rpm, 1800 rpm, 2100 rpm and 2400 rpm respectively. While the percentage of SOF component from its total PM mass for WCO B100 is 64.70%, 84.62%, 47.06, 72% and 79.07% at engine speed 1200 rpm, 1500 rpm, 1800 rpm, 2100 rpm, and 2400 rpm respectively. The SOF concentration is higher for WCO B100 in consequence of its lower energy content compared to diesel fuel which leads to incomplete combustion of HC. Thus, causing the increment of SOF component [15] . Fig. 5 shows soot concentration obtained from WCO B100 and diesel fuel. The graph shows that diesel fuel has higher soot concentration compared to WCO B100. The percentage of soot component from its total PM mass for diesel is 47.62%, 80%, 72.22%, 67.86% and 43.64% at engine speed 1200 rpm, 1500 rpm, 1800 rpm, 2100 rpm and 2400 rpm respectively. Otherwise, the percentage of soot component for WCO B100 at engine speed 1200 rpm, 1500 rpm, 1800 rpm, 2100 rpm and 2400 rpm is 35.29%, 15.38%, 52.94%, 28% and 20.93% respectively. It is seen that soot has dominant role in the PM formation by using diesel fuel. Thus, it is revealed that WCO B100 has a capability to reduce the soot effectively compared to diesel fuel.
Conclusion
The PM emission of WCO and diesel fuel were investigated in this study. The results indicated that WCO B100 showed reduction of PM emission for every engine speed due to its high oxygen content. The SOF concentration for WCO B100 also higher than diesel at each engine speed where the unburned or partially burned HC condensed and absorbed on PM surface. Otherwise, diesel fuel showed higher soot concentration in comparison with WCO B100. From this study, it can be seen that both components play an important role in PM formation. Due to its lower energy content, PM formation of WCO B100 is mainly composed of SOF component compared with diesel fuel which mainly composed of soot. In addition, both fuels showed highest reduction of PM concentration at moderate engine speed of 1500 rpm. Thus, at 1500 rpm, it is the optimum speed in order to have a minimum PM.
